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(57) ABSTRACT 

A method is provided for simulating a vehicle crash on a fuel 
delivery module of a vehicle. The fuel delivery module (11) 
has a ?ange (10) constructed and arranged to be coupled to a 
fuel tank, a fuel pump (12) for delivering fuel from the tank 
and through the ?ange, a reservoir (18) housing the fuel 
pump, and strut rods (14). Each strut rod has an end coupled 
to the reservoir or fuel pump and another end coupled to the 
?ange at an interface. The method models a fuel tank associ 
ated With the fuel delivery module as a rigid or elastic shell. A 
solid model of the fuel delivery module is created. The solid 
model is meshed to create a ?nite element model. Fluid in the 
fuel tank is modeled With Lagrangian or arbitrary Lagrangian 
Eulerian ?nite elements, or smoothed particle hydrodynam 
ics particles. Solid ?uid interactions are added to the meshed 
solid model. A vehicle crash simulation is run on the solid 
model together With the ?uid interactions to determine the 
effect of the ?uid interactions on the interface of each strut rod 
With the ?ange and to determine any effect on the ?ange. 

9 Claims, 3 Drawing Sheets 
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FLUID SOLID INTERACTION INCLUDED IN 
IMPACT SIMULATION OF FUEL DELIVERY 

MODULE 

This application is based on Us. Provisional Application 
No. 60/898,925 ?led on Feb. 1, 2007, and claims the bene?t 
thereof for priority purposes and is incorporated by reference 
into this speci?cation. 

FIELD OF THE INVENTION 

The invention relates to a fuel delivery module for a vehicle 
and, more particularly, to ?nite element analysis (FEA) simu 
lation thereof. 

BACKGROUND OF THE INVENTION 

Automotive crash testing is very expensive to carry out in 
terms of time and money. In this day and age, it is simply not 
practical to use a methodology of making an engineering 
estimate, mocking up a sample, testing, then modifying and 
retesting. Program timing and budgets Would typically alloW 
for one round of vehicle crash testing as a ?nal validation. 
This being the case, simulation has found Wide application in 
the development phase. With this, a virtual model is built, 
typically With commercially available codes and crash con 
ditions simulated. The con?guration can then be modi?ed and 
optimiZed before physical prototypes are made. 
One application of automotive crash simulation is in the 

development of fuel delivery modules. With reference to FIG. 
1, a fuel delivery module (FDM), generally indicated at 11, is 
a device mounted into the fuel tank (not shown) of a vehicle 
Which draWs fuel up and delivers it to the engine at a pre 
de?ned pressure. The portion of the FDM Which engages the 
top of the fuel tank is a ?ange 10 made, in most cases, of 
plastic. This ?ange is sealed to the tank by an O-ring and held 
in place by a steel lock ring. The ?ange 10 is supported by 
struts 14 above a fuel pump 12 that is typically disposed in a 
reservoir (not shoWn). Hoses (not shoWn) are used to ?uidly 
couple the fuel pump 12 to the ?ange 10 so that fuel may be 
delivered from the fuel pump through the ?ange. 

There are several performance requirements of the FDM. 
One of these requirements, FMVSS 301, spells out speci?c 
crash tests and sets forth tolerable amounts of fuel Which may 
spill. To meet this requirement, the FDM ?ange must not be 
breached. Internal damage is alloWed, provided it does not 
alloW fuel spillage. Another requirement of a speci?c FDM 
Which is customer driven is that the FDM must remain fully 
functional, Without damage, after a 10 mph vehicular impact. 
For the customer, 10 mph corresponds to the point at Which 
the air bag is deployed. It is desired that if the air bag is not 
deployed due to a loWer speed impact, the only damage to the 
vehicle Would be visible to the outside, such as bumpers or 
panels. Requirements such as these have a major effect on 
What the FDM con?guration Will be. 

To meet impact requirements, design engineers rely 
heavily on simulation to help point out strengths or Weak 
nesses in their designs. Even though an engineer may have 
years of experience, it is dif?cult to predict What might hap 
pen in all instances Without the use of simulation. This is due 
in part because the basic con?guration is evolving. The con 
cept of delivering fuel to the engine is mature. But, hoW this 
is done has been changing. Pressure regulation and ?ltering 
has been included With the fuel pump as a modular unit. This 
has resulted in cost savings and ease of assembly and servic 
ing. Additionally, plastics are becoming favored over steel 
because of cost and Weight savings. This all adds complexity 
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2 
that the engineer must consider When designing to meet crash 
requirements making simulation an even more important and 
useful tool. 

Simulation of structural transients by FEA involves solv 
ing a second order equation: 

Where: 
[M] :structural mass matrix 
[C]:structural damping matrix 
[K]:structural stiffness matrix 
{a}:nodal acceleration vector 
{v}:nodal velocity vector 
{u}:nodal displacement vector 
{F}:applied load vector 
TWo methods of solving this equation include implicit time 

integration and explicit time integration. Both methods pro 
ceed through time in ?nite steps. The tWo methods are some 
What different in hoW they are performed and Where they can 
be applied to obtain a solution in the most e?icient manner. 

Because the embodiment proposes use of the explicit 
method, details of the implicit method Will not be discussed. 
HoWever, several characteristics, advantages and disadvan 
tages are given for comparison. The implicit method solves 
for displacements {u} ?rst and then calculates the remaining 
quantities. As such, inversion of the stiffness matrix [K] is 
required. This step is computationally expensive. If the simu 
lation is non-linear, [K] Will be a function of {u} and an 
iterative technique such as NeWton-Raphson is typically 
used. This can require many inversions of [K], greatly 
increasing the computational cost. An advantage of the 
implicit method is the fact that it is stable for large time steps. 
An excellent example of an application Where this Would be 
useful is in creep calculations. 
The explicit method, like the Central Difference Method 

used in LS-DYNA (a ?nite element program of Liver'more 
SoftWare Technology Corp.), solves for accelerations ?rst. 
Then other quantities are calculated. To do this, an internal 
force vector is created consisting of inertial forces [M]{a}, 
damping forces [C]{v}, and elastic forces [K]{u}. The inter 
nal force vector is combined With the external applied load 
vector and accelerations found using NeWton’s Second LaW, 
FIMa. Inversion of the mass matrix is required for solution. 
HoWever, because the lumped mass approximation is used, 
the mass matrix is diagonal and inversion is trivial. The pro 
cess is repeated as the solution is stepped through time. For 
stability, there is a maximum time step related to the speed of 
sound through the smallest element. This time step is usually 
quite small. For computational ef?ciency, a very regular mesh 
is desired. There is also a technique called mass scaling. This 
increases the density of the smallest elements in an attempt to 
achieve a larger time step. If there are very feW small ele 
ments, a large increase in time step can be realiZed With a very 
small increase in mass. This can help keep required computer 
resources reasonable. 

A major advantage of the explicit method is in the handling 
of non-linearities. Regardless of the non-linearites present, an 
internal force vector is created and accelerations are calcu 
lated effectively by matrix multiplication. The computational 
cost remains about the same. If the implicit method Were 
used, non-linearities Would typically be accounted for in the 
stiffness matrix. As it becomes more highly non-linear, many 
inversions may be required in an iterative process for conver 
gence greatly increasing the computational cost. 
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Typical uses of the explicit method include short duration 
transient simulations and highly non-linear events, such as 
crash and impact analysis, simulating explosive events such 
as air bag deployment, etc. 

The explicit method in LS-DYNA is currently used to 
evaluate fuel delivery modules under impact loadings. A con 
ventional module mesh for a fuel delivery module 11 is shoWn 
in FIG. 2. There are tWo primary requirements that need to be 
met. First, the plastic ?ange 10 must not be breached under 
impact loading as per 49 CFR 571.301 (FMVSS 301). This 
behavior is considered to be of utmost importance for the 
vehicle safety: In case of a severe vehicle crash, everything 
inside the fuel tank is alloWed to be rendered non-functional. 
HoWever the tank vessel as a Whole must remain sealed. 
Otherwise, fuel Would be alloWed to leave the tank causing a 
hazardous situation. To accomplish this sealing property, the 
module is con?gured in such a Way as to separate in a pre 
scribed location aWay from the upper surface. In FIG. 2, a 
strut boss 16 has a geometric stress raiser in that it is squared 
off and stepped in the location Where separation is intended. 
Additionally, the strut rod 14 is press ?t into the boss 16 
almost to the step. The interference creates strain in the poly 
mer adding pre-load to the intended separation area. 

The second requirement to be met is that the module must 
be fully functional after a prescribed loW speed impact. This 
means the strut boss 16 must not separate upon loW speed 
impact and the strut rods must not take a permanent set from 
bending, among other things. It is noted that if the strut rod 14 
is constructed With a stiffer geometry (thicker Wall), or is 
made of a higher yielding steel, permanent deformation Will 
be less likely, but more energy Will be transferred to the strut 
boss 16 increasing the chance of separation. 
As shoWn in FIG. 2, the conventional FEA model is con 

structed With a hexahedral mesh in the areas of concern Which 
include the area off the strut boss 16, the ?ange 10 and strut 
rods 14. The bottom unit (including reservoir 18 and pump 12 
therein) is constructed of shell elements and is treated as rigid. 
This means the displacements at each of the nodes are tied so 
there are only six degrees of freedom for the loWer unit. This 
slims doWn the computational requirements. Spring elements 
22 simulate the springs around the strut rods 14. The fuel tank 
environment 20 is constructed With a coarse shell mesh. The 
?ange 10 of the module is tied to the tank environment 20. 
Loads can be applied to the tank environment from a previ 
ously run global analysis or can simply be prescribed. Contact 
Within the model is penalty based meaning the folloWing: as 
an element de?ned as contact passes through an element 
de?ned as target, a force is created Which has a magnitude of 
element stiffness, multiplied by area, multiplied by the pen 
etration distance, multiplied by a penalty value. The direction 
of the force is such that the contact element is pushed back 
aWay from the target element, preventing penetration as a 
consequence. 

Several material models are used Within the conventional 
simulation. For the polymer, an isotropic hardening plasticity 
model is used. This model Works Well With geometric non 
linearities such as large de?ection, but since the Bauschinger 
effect is not included, is not as useful for cyclic loading. The 
steel strut rod uses an elastic material model and the bottom 
unit uses a rigid material model. Stiffness is still assigned to 
the rigid model even though the model doesn’t deform. This 
is so the contact forces can be correctly assessed. 

The conventional simulation correctly predicts Where 
strain buildup Will occur in the polymer ?ange and therefore 
Where fracture Would be expected. HoWever, separation takes 
place as the strut rod slides out of its press ?t. In testing, 
separation occurs as a fracture. Also, at What impact magni 
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4 
tude separation occurs is not Well predicted. Additionally, 
permanent deformation of the strut rod is not predicted 
because an elastic material model is currently in use. 

Thus, there is a need to provide a simulation for a fuel 
delivery module that Will correctly address the above de? 
ciencies of the conventional simulation. 

SUMMARY OF THE INVENTION 

An object of the present invention is to ful?ll the need 
referred to above. In accordance With the principles of the 
present invention, this objective is obtained by providing a 
method of simulating a vehicle crash on a fuel delivery mod 
ule of a vehicle. The fuel delivery module has a ?ange con 
structed and arranged to be coupled to a fuel tank, a fuel pump 
for delivering fuel from the tank and through the ?ange, a 
reservoir housing the fuel pump, and strut rods. Each strut rod 
has an end coupled to the reservoir or fuel pump and another 
end coupled to the ?ange at an interface. The method models 
a fuel tank associated With the fuel delivery module as a rigid 
or elastic shell. A solid model of the fuel delivery module is 
created. Meshing is added to the solid model. A model of the 
?uid is created and discretiZed. Solid ?uid interactions are 
added to the meshed solid model. A vehicle crash simulation 
is run on the solid model together With the ?uid interactions to 
determine the effect of the ?uid interactions on the interface 
of each strut rod With the ?ange and to determine any effect on 
the ?ange. 

Other objects, features and characteristics of the present 
invention, as Well as the methods of operation and the func 
tions of the related elements of the structure, the combination 
of parts and economics of manufacture Will become more 
apparent upon consideration of the folloWing detailed 
description and appended claims With reference to the accom 
panying draWings, all of Which form a part of this speci?ca 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will be better understood from the folloWing 
detailed description of the preferred embodiments thereof, 
taken in conjunction With the accompanying draWings, 
Wherein like reference numerals refer to like parts, in Which: 

FIG. 1 is vieW of a conventional fuel delivery module for a 
vehicle shoWn Without a reservoir that houses the fuel pump. 

FIG. 2 is a vieW of a conventional model mesh of a fuel 
delivery module. 

FIG. 3 is a vieW of a model mesh of a fuel delivery module 
provided in accordance With the principles of an embodiment 
of the invention. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENT 

There are several Ways in Which the conventional simula 
tion of a fuel delivery module 11 described above can be 
improved and optimiZed. Thus, the embodiment employs the 
conventional simulation as described in the Background sec 
tion together With the folloWing improvements. 
The ?rst Way to improve the conventional simulation is to 

include solid ?uid interactions. This interaction can have 
several signi?cant effects. First, With reference to FIG. 3, if 
the reservoir 18 (the fuel pump 12 in the reservoir cannot be 
seen in FIG. 3, but is shoWn in FIG. 2) is ?lled With fuel (?uid) 
due to fuel being in the fuel tank, the total mass is larger. If 
deceleration is applied in the horizontal direction, for 
example, greater forces Will be experienced in the strut-boss 
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area. Second, ?uid external to the reservoir 18 can transfer 
momentum to it changing forces seen at the strut boss, or by 
the strut rods further. 
As another optimization or improvement, plasticity is pref 

erably included in the strut material model. This adds the 
ability to predict permanent deformation of the strut rod 
Which is not done in the conventional simulation. Thus, both 
plastic and elastic response of the material is considered in the 
model of the embodiment. In the conventional simulation, a 
simple elastic model Was used. Steel can exhibit strain rate 
dependency. As such, strain rate effects shouldbe added to the 
material model Which shifts the yield. 

Regarding the plasticity model used for the polymer ?ange 
10, strain rate effects are currently not included. It is Well 
knoWn that mo st polymers behave differently When loaded at 
different rates. At high strain rates, polymers tend to have a 
higher yield and fracture at loWer strain magnitudes. This 
strain rate dependence is added to the plasticity model of the 
embodiment. Also, temperature can have a large effect on the 
stress-strain curve. Thus, temperature is considered also, 
preferably as separate runs at different temperatures. Lastly, 
LS-DYNA has criterion built into some of the material mod 
els Whereby elements can be “tumed off” When some strain 
value is met. Previously, strains Were plotted and visually 
examined for levels Which Would result in fracture. Also, 
Within the simulation, the strut rod Would separate by slipping 
out of the strut boss. In testing, one observes a fracture instead 
of a separation. The criterion built into the model of the 
embodiment shoWs separation correctly as fracture. 

With the above in mind and in accordance With the prin 
ciples of an embodiment of the invention, ?rst, a solid model 
for a fuel delivery module of interest is built. Then, the model 
is meshed With high quality hexahedral meshes for solids and 
quadrilaterals for shells. Degenerate tetrahedrons may be 
acceptable in areas of loW strain. The reservoir 18 and fuel 
pump 12 (and any other components internal to the reservoir 
18) are constructed of shell elements and are treated as rigid. 
This means the displacements at each of the nodes are tied so 
there are only six degrees of freedom for the loWer unit. This 
slims doWn the computational requirements. 

Solid ?uid interactions 24 are added to the model. There 
interactions are practical indications that a sloshing Wave in 
the closed tank, caused by a crash deceleration, may transfer 
a comparable momentum to the fuel delivery module as do 
the primary mass-inertia forces. The quantitative importance 
of this effect needs to be examined. There are several possible 
Ways to do this. The ?rst and easiest is to model the ?uid as a 
Lagranian elastic ?uid, using for example, the LS-DYNA 
model *mat_elastic_?uid. This model has density and bulk 
modulus but Zero shear modulus. In this formulation, both 
meshes (fuel module and ?uid) are deformable. Contact is 
then be de?ned betWeen the ?uid elements and solid ele 
ments. Momentum is then transferred betWeen the ?uid and 
structure. Problems can arise With this formulation When the 
?uid mesh 24 gets substantially deformed. Severe distortion 
in the mesh 24 is expected, for example, When ?uid sloshes 
out of the reservoir 18. This could cause the calculation to 
break doWn and this solution is thus not preferred. 
A second solution is to use an arbitrary Lagrangian Eule 

rian (ALE) element formulation for the ?uid. Here, the mesh 
24 is alloWed to deform during each time step. But, an advec 
tion step folloWs each step alloWing mass to transfer across 
the ?uid element boundaries thereby reducing distortion. The 
pure Lagrange formulation is retained for the solid module 
mesh. This results in a more accurate solid ?uid interaction. 
HoWever, it Was found this is much more computationally 
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6 
expensive. This being the case, it is necessary to keep geom 
etry as simple as possible While still retaining the key features. 

Both of the above-mentioned solutions do not consider 
pressure from vapors or air in a closed vessel. It is postulated 
that this pressure Would be minimal compared to the other 
effects considered. Therefore, the space above the ?uid is 
treated as empty. Also, the tank is considered as a rigid shell. 
A preferred solution for modeling the ?uid is smoothed 

particle hydrodynamics (SPH) Which is a mesh free particle 
technique that Was originated in 1977. Herein, the SPH 
method is described as a Lagrangian method in Which the 
physical bodies are discretiZed With particles. These particles 
move by external forces and internal interactions in the prob 
lem domain as the physical body Would. Each particle has 
mass as determined by the discretiZation and no mass is 
transferred betWeen particles. Numeric discretiZation is per 
formed on the governing equations using a concept called the 
particle approximation. The functions, derivatives, and inte 
grals in the governing equations are represented at each par 
ticle in such a Way that neighboring particles have an in?u 
ence. The range of this in?uence is denoted the smoothing 
length. 
The approach of using SPH for simulation precedes Which 

a philosophy similar to other numeric methods. A mathemati 
cal model, established from physical phenomena consisting 
of ODEs, PDEs, etc., is created from the physical phenomena 
desired to study in a Way similar to other numerical methods. 
Next, the domain is discretiZed With SPH particles. The math 
ematical model is then discretiZed using the particle approxi 
mation and the resulting equations solved. 
Domain discretiZation for SPH is someWhat different than 

for grid based methods. Particles are generated Which have 
discrete masses. There is no connectivity de?ned betWeen the 
particles in the domain discretiZation. This is later accom 
plished in the numerical discretiZation. It is this fact that gives 
the SPH method many of its advantages. Because there is no 
particle connectivity, extreme distortions can be Well toler 
ated. This is in contrast to Lagrangian ?nite element formu 
lations Where large element distortions Would cause some 
loss of solution accuracy, or, in extreme cases, complete 
breakdoWn of the calculation. An additional advantage is that 
there is no advection betWeen the particles. Field variables are 
evaluated at the particles. This alloWs for a more ef?cient 
calculation and easy folloWing of free surfaces. Particles can 
be arbitrarily distributed as it is not required that each particle 
be the same mass. In practice, particles can be generated by 
creating a ?nite element mesh by traditional means. Then, 
particles can be placed either at the mass centers of the ele 
ments, at the nodes, or both. The ?nite element mesh is then 
deleted leaving a particle distribution. 

To achieve numeric quantiZation, tWo steps are performed. 
First the kernel approximation of the ?eld functions is con 
structed. In this step, the ?eld functions and derivatives are 
replaced by integral representations. This formulation is nec 
essary for stability. The particle approximation is then created 
by applying a smoothing function and converting the inte 
grals into sums over particles Within the support domain. The 
support domain of a particle consists of all particles neigh 
boring Which have in?uence. Following creation of the par 
ticle approximation, the resulting equations are solved by 
explicit time integration. 

After the models are complete, a vehicle crash simulation 
should be run at various conditions and compared to previous 
testing to validate neW models. 
The foregoing preferred embodiments have been shoWn 

and described for the purposes of illustrating the structural 
and functional principles of the present invention, as Well as 
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illustrating the methods of employing the preferred embodi 
ments and are subject to change Without departing from such 
principles. Therefore, this invention includes all modi?ca 
tions encompassed Within the spirit of the folloWing claims. 

What is claimed is: 
1. A method of simulating a vehicle crash on a fuel delivery 

module of a vehicle, the fuel delivery module having a ?ange 
constructed and arranged to be coupled to a fuel tank, a fuel 
pump for delivering fuel from the tank and through the ?ange, 
a reservoir housing the fuel pump, and strut rods, each having 
one end coupled to the reservoir or fuel pump and another end 
coupled to the ?ange at an interface, the method comprising: 

modeling a fuel tank associated With the fuel delivery mod 
ule as a rigid or elastic shell, 

creating a solid model of the fuel delivery module, 
meshing the solid model, 
adding solid ?uid interactions to the meshed solid model 
by modeling the ?uid and discretiZing, and 

running a vehicle crash simulation on the solid model 
together With the ?uid interactions to determine the 
effect of the ?uid interactions on the interface of each 
strut rod With the ?ange and to determine any effect on 
the ?ange. 

20 

8 
2. The method of claim 1, Wherein the creating step 

includes modeling the material of the ?ange as a polymer and 
modeling the material of the strut rods as steel. 

3. The method of claim 2, Wherein the creating step 
includes including plasticity and elasticity in a model of the 
strut rod material. 

4. The method of claim 2, Wherein the creating step 
includes strain rate effects in the modeling the polymer ?ange 
and steel strut. 

5. The method of claim 1, Wherein the running step 
includes running the simulation at different operating tem 
peratures. 

6. The method of claim 1, Wherein the meshing step 
includes using hexahedral meshes for solid objects and quad 
rilateral meshes for shell objects. 

7. The method of claim 1, Wherein the adding step includes 
modeling the ?uid as a Lagranian ?nite element mesh. 

8. The method of claim 1, Wherein the adding step includes 
modeling the ?uid as an arbitrary Lagrangian Eulerian ?nite 
element mesh. 

9. The method of claim 1, Wherein the adding step includes 
modeling the ?uid using a smoothed particle hydrodynamics 
method. 


